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ABSTRACT 

'! 

* 

point charge models of the two stereoisomers were detemined.,,The conclusions 

about the shape of the two molecular species drawn from these parameters are 

consistent with the configuration of dodecahedron and distorted antiprism 

respectively. 

I , 

A satisfactory agreement was found between experiment and theory. 
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Introduction 

! '  

Narrow l i n e  fluorescence is observed i n  certain k complexes when excited,  
\ . .  

with l i g h t  absorbed by the organic ligand as a resu l t  of intramolecular energy 
n 

t ransfer .  The absence of broad l i n e  fluorescence characterQtic of rare  earth 

ions incorporated i n  nonhomogeneous surroundings (e .g. glasses) indicates 
-- - 

the presence of the same environment f o r  a l l  Eu ions similar t o  that present i n  

doped single crystals. 

The purpose of the present paper i s  t o  investigate whether the s p l i t t i n g  . 

of the l ines  of Eh chelates i n  the fluorescent spectrum can be explained i n  

terms of a perturbation produced by the electrostat ic  e f fec t  of the ligand 

f i e l d  on the Eu3+ ion. This can be done assuming t h a t  the ligand f i e l d  

s p l i t t i n g  i s  small i n  comparison with t h e  spin-orbit coupling, so that the 

unspl i t  energy levels i n  '7 F1, Eo, are  treated as variable parameters t o  be 
< 

1 determined,and the s p l i t t i n g  of these levels i s  treated as being produced 

' by the ligand f ie ld .  Further, we propose t o  deternine the ligand f i e l d  

I 

I 
parameters from the experimental data and t o  assign the eqcrimental  values 

I' of the energy levels t o  the various possible stereoisomers. 
.. 
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first, we prove the complete equivalence between a ligand field and 

a crystal field of corresponding symmetry with respect to their electrostatic 

effects on the fluorescence spectrum of the rare earth ion. 

used to analyze the emission spectrum of Eu dibenzoylmethide employing 

first-order perturbation theory. 

Experimental 

This result is 

Preparation of Chelate - E h  tetrakis ( dibenzoylmethide )piperidinium 

(EuD4P) was prepared by adding 8 moles of piperidine in 1 O m l .  absolute 

ethanol to a hot mixture of 8 moles of dibenzoylmethane and 2 moles of 

anhydrous EuCl 

to cool slowly overnight to room temperature. The well defined light yellow 

needles were filtered, washed with small portions of cold ethanol, air dried, 

in 7OmL. absolute %OH. The clear solution was allowed 3 4L 

and recrystallised twice from absolute EtOH. 

at 186-186,5°C (uncorrected) . , 

The chelate melted sharply 

Fluorescence Spectrum - The crystals were sealed with nonfluorescence 
tape between two quartz slides and lowered in a quartz dewar containing 

liquid nitrogen. Light from a 1000 watt, water cooled high pressure' AH-6 

mercury arc was filtered through a NiS04 water solution and a Corning 

CS7-54 filter and directed into a metal box constructed to minimize stray 

light. The clear bottom par t  of the dewar was 2ositioned in the box such 

that the exciting light was focused on the s a p l e .  

was directed through a Corning CS3-70 filter into a Cary Xodel 14 spectro- 

photometer and detected by a ~136 red-sensitive photomultiplier. The entrance 

The fluorescence enis,ion 
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s l i t  t o  the  Cary was adjusted manually f o r  d i f f e r e n t  s p e c t r a l  regions 

to cont ro l  the i n t e n s i t y  of t he  l i g h t  en ter ing  the  monochromator. 

a i r  was caused t o  c i r c u l a t e  ins ide  the box t o  prevent possible  f:-- 

on t h e  dewar. 

Dry 

ing  

The recorded fluorescence spectrum is  shown i n  Figure 1. 

Equivalence of Ligand and Crystal Fields - L--t r, 0, ;r̂  be the - 

coordinates of a poin t  i n  t h e  e l e c t r i c  f i e l d  produced by  a charge-dis t r ibut ion 

of dens i ty  f' (L+' ) or ig ina t ing  i n  the  l igand.  We can consider f' ( i - ' )  as being 

t h e  time and space average over t h e  e n t i r e  ketoenolate  s t r u c t u r e  as repre-?  acnted 

by both u" bonds frame and delocal ized 7 -electrons.  

&. ac 
AnJ 

The p o t e n t i a l  i s  given 

by: 

(1) 

i n t eg ra t ed  over t h e  source poin ts  with coordinates P ,  / 
ra 

-c A s  is  w e l l  known c 

r - 
\<-L 1 l/ PA .t (2 )  

= ( 1  
I 

Consequently, t h e  p o t e n t i a l  (1) can be wr i t t en  

( 3 )  

For a c r y s t a l  f i e l d  with point  charges'C1: a t  t h e  po in t s  cc, t h e  charge dens i ty  
I JL" e (z  ) would be given by 

and t h e  i n t e g r a l s  i n  ( 4 )  would reduce t o  

(4) 
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or 

whereas t h e  expression f o r  t h e  p o t e n t i a l  f o r  a c r y s t a l  f i e l d  is  

v(l; c; y) = -g A; -4- (-3 cy) 
I, r - f i  

Consequently a l igand f i e l d  has the  sane p o t e n t i a l  as a c r y s t a l  f i e l d ,  i n  

s p i t e  of t h e  delocal ized e l ec t ron  dens i ty  assoc ia ted  with t h e  inion-l igand 

configuration, and w i l l  produce t h e  sane i n t e r n a l  Stark s p l i t t i n g  of t h e  

energy l e v e l s  as t h e  equivalent c r y s t a l  f i e l d ,  provided 

It may wel l  be t h a t  t o  produce t h e  a c t u a l  f i e l d ,  one needs an i n f i n i t e  
7 ,  

number of po in t  charges t o  ge t  a l l  the  parameters 

however, i s  not t h e  poin t .  

Stark s p l i t t i n g  i s  not t h e  t o t a l  f i e l d  but only 8 s n a l l  nmber  of parameters 

equal t o  Ll2 . This, 

What one needs i n  t h e  ca lcu la t ions  of i n t e r n a l  

C(z and these  can always be found from a small nurnber of point  charges. 

Tnerefore, one can always f i n d  a hypothet ical  f i e l d  produced by poin t  

charges which w i l l  have t h e  same e f f e c t s  on t h e  spectrum as the  izolecular 

(1iGznd) f i e l d .  

ml;:-t th ink  t h a t  a charge d i s t r i b u t i o n  spread out  over a nmber  of  a t o m  

Ve note t h a t  no dipoles  o r  nigher  mornents are needed. One 
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as found i n  the ketoenolate anion would tend t o  give r i s e  t o  broadened 

fluorescence l ines  whereas point charges as i n  the crystal  f i e l d  model 

would give sharp l ines . .  Thie however I s  not the case. In  first-order 

perturbation theory the energy levels are given by the roots of the secular 

determinant i n  terns of tho pramators d T a n d  

of these will give discrete solutions t o  the secular equation. 

' respectively, and both 

Having established the equivalence between the ligand f i e l d  and a 

c rys ta l  f ield,  we *can employ the operator equivalent methods developed 
1 2 

' f o r  c rys ta l  f i e l d  problems by Judd and Stevens . 
Analysis of the Eu Tetrakis-Dibenzoylmethide Piperidinium Fluorescence 

Spectrum - This part icular  chelate has been selected because of the symmetry 
4 

of the ketoenolate groups surrounding the Eu3+ ion, which i n  turn will lead 

t o  a small number of ligand f i e l d  parameters gr .  

i n  the calculation of the 4, J from experimental data. 

This f a c t  i s  essent ia l  

/m 4 

For such compounds, the ligand f ie ld  parameters can be found employing 
7 7 only t ransi t ions from the excited 5D0 s t a t e  t o  Fo, 7F1, and F2 levels i n  the 

ground multiplet of 'Eu ion. ' I n  l e s s  symmetrical systems such as chelates from 

di f fe ren t ly  substituted -diketones, t ransi t ions terminating a t  the 7F leve l  

may prove t o  be necessary. {However, i n  t h i s  case, the solutions of the 

secular determinant a r e  so complex that  very probably they cannot be correlated 

3 

I P 

I 1. 

2. 

( a )  33. R. Judd, Mol. Phys., 2, 407 (1959); (b)  ibid., h o c .  Roy. SOC., - A228, 120 (1955) 
K. W. X. Stevens, Proc. Phys. SOC., 2, 209 (1952) 
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The fluorescence spectm of 

All the em is shown in Figure 1. 
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EuD P in microcrystalline powder at 77OK 

ssion lines observed in the range 5700 to 
4 

64.008 correspond to transitions from . 5 Do to 7 F and 7 F levels as pointed 
0’ 2 

3 out by Freeman and Crosby 

To be more specific, the unsplit line at 58008 is the 5D0-. 7 F transition; 

the 5 l i n e s  at 5905, 5914, 5924, 5955, and 59868 are ‘Do-> 7 F transitions and 
0 

1 
the 9 lines at 6043, 6U9, 6125, 6132,’ 6137, 6255, 6307, 6333, and 63732 are 

The maximum number of sublevels into which a 7 F level splits is equal to , J 

its degeneracy 25 + 1, or 1, 3, and 5 lines respectively for 7 F 7F1, and 
0’ 

5, levels. The presence of more lines than expected clearly,indicates the 

existence of two stereoisomers. 

ion are the empty 5d, 6s, and 6p orbitals. 

occupied 4f orbitals are not involved in bonding is indicated by the discrete 

structure of both absorption and emission spectra of the chelated ion and,their 

The orbitals available for bonding in the Eu 

The fact that the partially 

similarity with those of inorganic ionic salts. 

for the lanthanide ion to accommodate eight coordinating oxygen atoms: a 

There are only two possibilities 

dodecahedral arrangement for the use of d 4 3  sp hybrid orbitals (Model A),  and 

an antiprismatic configuration for d 4 3  sp and d 5 3  p (Model B). 4 

Perturbation Calculation - Assume that the Hamiltonian can be broken up 

into two parts H = H + H1 where Ho is the Hamiltonian of the 4f electrons of 
0 

the free ion and H1 is eV with V the electrostatic potential produced by the 

ligand and given by equation (8). H’ is assumed small in comparison with Ho 

3.  
4. 

J. J. Freeman and G. A .  Crosby, J. Phys- Chem., 6J, 2717 (1963) 
(a) A. F. Wells, “Structural Inorganic Chemistry Oxford University Press, 
1962; (b) G. E. Kimball, J. Chem. Phys., - 8, 188 (1940) 
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or 2 (ir;) ,ti O >> k , H 0 is invariant with respect to rotation around 
the origin which means that the total.angular momentum J of the 4f electrons 

in the unperturbed ion is a good quantum number and energies of the degenerate 

I 

0 
levels 7 FJ are the eigenvalues of H . We need to calculate the splitting of 

7 7 the Fo, 7F, and F2 levels caused by eV. - 
The first part of the Stevens and Judd method consists of expressing the 

!-[)/'& terms as polynominals in powers of r, x, y, and Z. That pa& of (8) 

which we w i l l  need then becomes: 

with 

equivalent point charge 

configuration may not fall'into any of the crystal symmetries, we do not use 

group theoretical arguments to show that only those parameters listed above 

are needed but show this directly. 

configuration and assume that this molecule can, in this case, be represented 

by eight equal charges for which 

First, we consider the dodecahedral 

c 

= (/L= 0, 'i; = g- = LL ;L , x- = I = 

There is thus twofold rotational s y m e t r y  around the z-axis. Consequently 

or 1/L\ = 0, 2, 4'. . A l l  terms for 1 > 6 have zero 
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matrix elements, The matrix elements leave the form S?" L' & , where 
91 and are f-electron wave finctions(1 1 = l2 = 3) .  Whenq{ is 

P 

i 

expanded in terms of spherical harmonics, the highest 1 in this expansion is C = 6. 

For terms in V with 1 > 6 the matrix element vanishes because of the 
nality of the spherical harmonics. 

in this expansion one finds thatA must be even. For the states Fo - 7F2 the 
coefficient of proportionality between the point charge field and the equivalent 

orthogo- 

From the properties of' the 3 -7 coefficients 
1 7 

angular momentum operators is zero for 1 = 6 .  

we are left with the following coefficients contributing to the 7F2 splittings 

Omitting the constant 

' 

. For the dodecahedral configuyation the terms 
y:and yzadd up to zero upon taking into account the relation. 

Thus on ly  the parameters 4" p," 
level for the dodecahedral configuration. 

0;- contribute to the splitting of the 7F2 
I x /  

For the antiprismatic configuration we assume the existence of an equivalent 

point-charge model with eight equal charges with 8 1 = O2 = O3 = G k ,  e5 = 86 = 

- q+--yz= 1 1 .  I 

Repeating the arguments above one finds that the following coefficients 
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Substituting the angular momentum operators 5, Jz, J+, and J into (11) V ( r ,  8 ,  y ) - 

Using (12) the secular determinant reduces for the dodecahedron (S4 symmetry) 

to 

. For the antiprism 

‘3 0 



With so lu t ions  

We should thus  have f i v e  l i n e s  i n  the  region corresponding t o  t h e  5D -+- 7 F1 
0 

t r a n s i t i o n  which agrees  with experiment. The secu la r  determinant f o r  t h e  
- 

Comparison with Experbent  

The 5 Do-> 7 F t r a n s i t i o n  i s  e a s i l y  i d e n t i f i e d  with t h e  u n s p l i t  l i n e  a t  
0 

17241 cm'l. The energy of t h e  5 D l e v e l  is  observed t o  be t h e  sane f o r  bo th  
0 
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the "dodecahedron" and the "archimidean antiprism" , resulting in one supariiiposed 
fluorescence line. 

Careful analysis of tine fliioreccence spectra of several tetrakis -ketoenates P 
having the same basic structure as k D 4 P  showed the presence of three st rong 

5 . lines in the Do-=? 7F region. . This comon feature is found also in the spectra 1 

of tetrakis chelates in which one single species is responsible f o r  all the emission 

lines such as the benzoylacetonate. Therefore, the lines. at 16935, 16880, and 

16793 ank1 were assigned to the antiprism stereoisoner which is expected to 
7 have three F Stark components, and the weaker lines at 16909 and 16706 cm'l 

were attributed to the dodecahedron. 

and E the three stronger lines were substituted for  E3, E4, 

7 
1 

When the F1 components corresponding t o  

in equation ( 13) 5 
two assignments were found to be possible. 

values f o r  the p: and ,6.: parameters. The selection between the two possYsle 

This yields, as a result, two sets of 
~ < (  1 

7 assignments was made only after analysis of the 5D 0 .2~ F 2 transitions. 
5 7 Common features observed in the Do-) F2 range f o r  different tetrakis 

-ketoenolates led us to the assignment of the following levels to the antiprim 
-1 

stereoisoner: 16342, 16307, 16215, 15987, and 15855 cm . Other assignments 
were considered, however, and were foucd to be ircpossible. 

parameters were used to verify this and other apparently possible assigments 

and to prove the correctness or' the selected assigment for the predodnant 

The ratios of the A 

stereoisomer, the antiprism. The angular restrictions imposed on the model Sy 

this,assignment allowed the proper selection of only one of t'ne two sets or' 
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region were attributed to the "dodecahedral" stereoisomer. hploying the 

equations ( 14 ), a unique assignment i s  found for the four 7 F Stark 2 

components in agreement with the dodecahedral model. 

The results are: 

For the dodecahedron: 

915 = El - - 
1550 = E~ 

1451 = E,+ 

623 = E5 

For the antiprism: 

c 

-1 Eo = 1105 cm 

899 = E6 

= E7 1254 

1026 = E8 

1386 = Eg 

934 = El0 

The ligand field parameters are: 

For the dodecahedron: 

-1 Eo = 1100 cm 

The ratio between parameters having the sameJ!are functions of the angles only. 

Conclusion 

We have demonstrated the complete equivalence between a crystalline field 

~ 2 2  the molecular (lipnd) field in ELI chelates w i t h  respect to the Stark 

splitting of the intra-4f energy levels. 
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The existence of two stereoisomers in crystalline EuD P was established 4 

and their fluorescence spectra were found to be consistent with a dodecahedral 
* and antiprismatic configuration for the two isomers. 

5 7 
0’ 

The most likely assignment for the fluorescence lines in the Do t o  F 
7 7 

IFl and ‘F regioiis h?is foi.u?d f o r  each i i~i ividxid.  stsreaismer. . 2 
The ligand field parameters for the equivalent point charge models associiabcd 

with each of the two stereoisomers were determined.‘ The conclusions about the 

shape of the two molecular species drawn from these parameters are consistent 

with the dodecahedron and the. antiprism. The agreement between experiment 

and theory is satisfactory. 
> 

c 
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